This relationship is shown in Fig. 1 . In the past neonatal mortality was high in places where many babies had a low birth weight (Local Government Board, 1910) . High neonatal mortality was generally associated with high maternal mortality rates, which were found in places where women had poor physique and health (Campbell et al. 1932 ). There is, therefore, a geographical association between poor maternal physique and health, poor fetal growth and high death rates from CVD. This geographical association is reinforced by studies of migrants. A study of 2 million people who died in England and Wales during 1969-72 showed that the increased risk of ischaemic heart disease (IHD) and stroke among people born in northern England and in Wales persisted whether or not they moved to other parts of the country ). The recent fall in stroke mortality in many Western countries is consistent with improvement in maternal health during the past century. To explain the rise in IHD it seems necessary to postulate two groups of causes, one associated with poor living standards and the other associated with prosperity and linked, presumably, to the high-energy Western diet.
A N I M A L S T U D I E S
Ideas about the importance of long-term effects of interference with early growth, so-called 'programming', in determining risk of disease in adulthood are reinforced by studies in animals. Transient events in prenatal or early postnatal life have permanent and profound effects on physiology although such effects may remain latent until the animal is mature. One example of this comes from experiments in which the nutrition of pregnant and lactating rats was manipulated. The adult body size of the offspring was more powerfully determined by their mothers' nutrition during pregnancy and lactation than by their genetic constitution (Dubos et al. 1966) . Undernutrition during pregnancy
stunted the growth of the offspring and this effect could not be reversed by an optimal diet after birth (Blackwell el al. 1968) .
Nutritional deprivation in early life affects the size and DNA content of different organ systems depending on the precise time at which it occurs. In rats, a brief period of energy restriction immediately postnatally causes a profound reduction in the weight of the liver, spleen and thymus, while brain and skeletal muscle are spared (Winick & Noble, 1966) . Energy restriction immediately after weaning reduced only the weight of the thymus.
The metabolic activities of rate-limiting enzymes that control cholesterol synthesis seem to be especially sensitive to the content of the diet in infancy. The early nutrition of rats has been shown to determine the response to a dietary fat challenge in adult life (Coates et al. 1983 ) and, in baboons, serum concentration and biliary secretion of cholesterol are strongly influenced by the type of diet that they were fed in the neonatal period (Mott et al. 1991 ).
S T U D I E S I N H U M A N S
Whether these demonstrations of the programming effect of the early environment are applicable to the pathogenesis of CVD in humans can be explored by studying adults in middle and old age whose growth and development in infancy was recorded. From 1911 onwards, every baby born in the county of Hertfordshire was weighed at birth, visited periodically by a health visitor throughout the first year and weighed again at 1 year of age. The records of these visits have survived so that it is possible to trace men and women born 60 and more years ago and to relate these measurements to the later occurrence of illness and death and to the level of known risk factors for CVD (Barker et al. 19894. In an early study 6500 men who were born in eight districts of the county between 1911 and 1930 were followed up. Table 1 shows standardized mortality ratios for IHD in the men, of whom 469 had died from the disease. The ratios fall steeply with increasing weight at 1 year, a trend not shown by deaths from non-circulatory causes. IHD mortality also falls with increasing birth weight, although the relationship is not as strong as with weight at 1 year. Stroke mortality shows similar trends. An interpretation of these findings is that programming of CVD occurs both during fetal life and during infancy. These findings prompt questions about mechanism. There is now evidence that haemostatic variables, glucose tolerance, blood pressure and lipid metabolism are all susceptible to the programming effects of the environment in early life. Detailed description of the associations between these variables and growth in fetal and infant life is beyond the scope of the present paper. Instead, chosen examples that illustrate general points are presented.
High plasma concentration of fibrinogen is a strong predictor of increased risk of both IHD and stroke (Meade & North, 1977; Meade et al. 1986 ). Fibrinogen concentrations have been measured in 591 men aged 59-70 years still living in Hertfordshire . Table 2 shows that concentrations fell as weight at 1 year of age increased (P<O-OOl). The difference in mean fibrinogen levels between men who weighed 18 pounds or less at 1 year and those who weighed 27 pounds or more was large. It was statistically equivalent to a difference in cardiovascular mortality of about 40%. The trends in plasma fibrinogen with weight at 1 year were independent of age, smoking, alcohol intake and obesity. Simultaneous analysis of plasma fibrinogen with smoking and weight at 1 year showed that the effects of smoking add to those associated with failure of infant growth.
Plasma levels of another haemostatic factor, Factor VII, a similarly strong and independent predictor of cardiovascular mortality, showed trends similar to those of plasma fibrinogen. Whereas fibrinogen is an acute phase protein, and rises in response to a number of stimuli, Factor VII is a key component of the intrinsic coagulation system. Neither plasma fibrinogen nor Factor VII levels were related to birth weight. Circulating fibrinogen and Factor VII concentrations are largely regulated by the liver. The high adult levels associated with reduced infant growth may be a persisting response to impaired liver development during a critical early phase.
Standard 75 g oral glucose tolerance tests have been carried out on 370 of the men in Hertfordshire (Hales et al. 1991) . The percentage of men with impaired glucose tolerance, (2 h plasma glucose 7.8-11-0 mmoY1) or diabetes (2 h glucose 11.1 mmol/l and over) fell progressively up to the highest values of birth weight and weight at 1 year ( Table 3 ). There were threefold differences in the prevalence of impaired glucose tolerance and diabetes between men with the lowest and highest early weights. These trends were independent of body mass index. lower body mass protects against the deleterious effect of reduced early growth. Of the men whose birth weights and weights at 1 year old were below the median, and whose body mass indices were above the median, 27% had impaired glucose tolerance and a further 15% had diabetes. Only 5% of the men who were above the median for early weight and below the median for body mass index had impaired tolerance and only a further 2% had diabetes. Concentrations of plasma 32-33 split proinsulin were also higher in men with lower birth weight and weight at 1 year old. Raised concentrations of this insulin precursor may indicate production of insulin by a relatively small complement of pancreatic I3 cells. It is known that much of the growth of the islets of Langerhans in the pancreas is completed around the time of birth. The findings suggest that factors which reduce fetal and infant https://www.cambridge.org/core/terms. https://doi.org/10.1079/PNS19920023 Downloaded from https://www.cambridge.org/core. IP address: 54.70.40.11, on 29 Jan 2020 at 11:14:15, subject to the Cambridge Core terms of use, available at Of the men in Hertfordshire 95% were breast-fed and 20% were still receiving breast milk at 1 year. These men had high death rates from IHD, with standardized mortality ratios of 97 compared with 77 in the remainder. They also had elevated levels of serum low-density-lipoprotein-cholesterol, 5.0 v. 4.6 mmol/l, and of apolipoprotein B, 1.14 v. 1.08 gfl . The explanation of these findings is unclear but they suggest that, in keeping with the observations in animals (Coates et al. 1983; Mott et al. 1991) , feeding practices in infancy can modify lipid metabolism in adult life.
The inverse relationship between systolic blood pressure and birth weight present in the Hertfordshire men is shown in Table 5 . A similar relationship has also been found in a national sample of men and women at the age of 36 years (Barker et al. 1989a) . In contrast to plasma concentrations of haemostatic factors and rates of glucose intolerance, blood pressure is not related to weight at 1 year independently of birth weight. This suggests that the critical period when blood pressure is sensitive to programming may be largely restricted to fetal life rather than extending throughout infancy.
Birth weight is a summary measure of fetal growth; it comprises head size, body length and the amount of fat that the baby has stored. To explore the relationship between different aspects of fetal growth and adult blood pressure in greater detail, a group of men and women now aged about 50 years were studied (Barker er al. 1990) . They were born in a hospital in Preston, England, where unusually detailed observations were made on newborn babies. Table 6 shows the mean systolic pressures according to placental weight and birth weight in the 449 men and women. These two variables act in opposite directions; blood pressure falls by about 10 mm Hg from the lowest to the highest groups of birth weight but rises by about 12 mm Hg from the lowest to the highest groups of placental weight. The highest blood pressures are in men and women who were small babies with large placentas. Adjusting for gestational age, current body mass index and alcohol consumption did not affect these trends.
Large placental weight was also associated with clinical hypertension in adult life. Among the 449 men and women the risk of being under treatment for hypertension was 3.7 times higher in those with placentas weighing more than 1-5 lbs than among those whose placentas weighed less than 1.0 lb.
In a survey of blood pressure in 405 findings were similar to those in adults. Systolic pressure was inversely related to birth weight and positively related to placental weight (Law et al. 1991) .
It is worth emphasizing that most of the people in Preston who had high systolic blood pressure were not especially small at birth. Their birth weights were within the normal range but their placentas were large. An interesting feature of these babies with the heaviest placentas is that their bodies were disproportionately short in relation to their head circumference. It is known that a fetal reflex response to hypoxia results in blood being preferentially diverted to the head at the expense of depriving other tissues of blood flow (Thornberg, 1991) . It is possible that disproportionate shortness at birth is a consequence of a sustained response of this kind. There are a number of possible mechanisms whereby circulatory changes in the fetus could lead to permanent changes in the structure of blood vessels in adults (Folkow, 1982) .
The causes of low birth weight in relation to placental weight are not well understood.
But, in Preston, only 7% of babies born at term to mothers in social classes I and I1 had placentas that weighed more than 1.5 lbs; this compares with 24% for mothers in lower social classes. One factor linking low social class with large placental weight may be poor nutrition. Evidence in support comes from a recent study of 8684 births in Oxford that shows an association between iron-deficiency anaemia and increased placental weight .
The findings described here have implications both for the pathogenesis of CVD and for maternal and infant health. The relationships between early growth and risk factors and rates of disease are continuous. Plasma levels of fibrinogen (Table 2) , the prevalence of impaired glucose tolerance (Table 3) , and levels of systolic blood pressure (Table 5) fall progressively up to the highest values of weight at 1 year or birth weight. If the criterion for successful fetal and infant growth is adult health and longevity, we may no longer be entitled to assume that a baby of average birth weight and weight in infancy has necessarily achieved its optimum weight.
Studies on the relationship between early growth and adult obstructive airways disease have proceeded in parallel with those on CVD. There is now strong evidence that obstructive airways disease is associated with retarded growth during the period of rapid lung development in fetal life and infancy, and with acute respiratory infection during infancy . CONCLUSION The results of these studies show that retarded growth in fetal life and infancy is strongly related both to mortality from CVD and to adult levels of some of its known risk factors. Any argument concerns the extent to which this relationship should be interpreted as being causal. In broad terms there are three possible explanations for our findings. The first is that people born into an adverse environment tend to remain in one, and lower birth weight and weight at 1 year of age are merely markers for adverse environmental influences that act throughout life. Although this interpretation can just be sustained if the ecological data are viewed in isolation, it cannot account for the results of follow-up studies of individuals. In Hertfordshire birth weight was not associated with social class, either at birth or currently. Plasma fibrinogen, Factor VII, glucose, insulin, proinsulin or blood pressure were not related to social class (Hales et al. 1991; Barker et al. 1992) and their associations with early growth were seen within each social class. If a poor early environment caused higher levels of cardiovascular risk factors through the cumulative effect of a variety of adverse influences acting during childhood and adolescence, one would expect these higher levels of risk factors to be associated with shorter adult stature. Blood pressure levels in Hertfordshire men were not associated with adult height and the weak associations of plasma fibrinogen and plasma glucose with shorter stature were abolished after allowing for weight at 1 year of age.
A second possible explanation for the relationship is that genetic influences that first show themselves in early life as growth failure are revealed later in adult life through the occurrence of degenerative disease. The implication here is that the genes that determine low birth weight are the same as or are closely linked to the genes that determine CVD. This explanation is not likely to be correct because birth weight does not seem to be strongly genetically determined (Carr-Hill et al. 1987) , nor is there much evidence that CVD has, in most people, a major genetic component.
The relationship between CVD and retarded growth in early life can be interpreted as a long-term effect on physiology and metabolism imposed by an adverse environment during critical periods of development. This conclusion does not imply that the environment in adult life is unimportant, although it may explain why the known adult risk factors predict CVD in individuals so poorly. A common origin in retarded early growth may explain why levels of one cardiovascular risk factor, for example plasma glucose concentrations, correlate with another, for example blood pressure (Hales et al. 1991) . The different relationships between risk factors and specific patterns of retarded fetal or infant growth, as shown by fibrinogen and blood pressure, may explain why the distributions of risk factors overlap but do not coincide.
Further work on the programming of CVD is focusing on the nature and timing of environmental factors that influence the growth of the fetus and infant, and programme its structure and metabolism. Laboratory studies that allow direct manipulation of the fetal environment in experimental animals are running in parallel with studies in humans which exploit the ability of ultrasound techniques to examine maternal influences on different aspects of fetal development.
